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Abstract 
 
This work describes the electrochemical properties of cobalt tetra-aminophthalocyanine 
(CoTAPc) complex electropolymerized at the surface of multi-walled carbon nanotube 
(MWCNT) abrasively immobilized onto a basal plane pyrolytic graphite electrode (BPPGE). The 
constructed electrode displayed excellent electrocatalytic behaviour towards the oxidation of the 
herbicide, asulam, as evidenced by the enhancement of the oxidation peak current ( 6 times) 
and the shift in the oxidation potential to lower values (by 120 mV) in comparison with the 
bare BPPGE. The chronoamperometric detection of asulam which was carried out in 0.10 M 
phosphate buffer (pH 7.0) at a fixed potential of 0.65 V (versus Ag|AgCl) yielded excellent 
analytical parameters; a linear concentration range of 4.5–20 µM, a sensitivity of 
241 × 10−3 µA/µM, a detection limit of 1.15 µM asulam (using the YB + 3σ criterion) and a 
response time of 2 s.  
 
1. Introduction 
 
Carbon nanotubes (CNTs), discovered by Iijima [1], are an interesting class of nanomaterials 
offering high electrical conductivity, high surface area, significant mechanical strength and good 
chemical stability. This has resulted in the use of CNTs to improve chemical properties of 
compounds such as porphyrins [2], phthalocyanines [3] and [4], and amino-containing 
complexes [5] by chemically functionalizing them with CNTs.  
Carbon nanotubes have been known to promote electron transfer reactions when used as 
electrode modifying material. Since the first use of the CNT-based electrode by Britto et al. [6] 
for the detection of dopamine, research on the application of both multi-walled carbon nanotubes 
(MWCNT) and single-walled carbon nanotubes (SWCNT) for electrode modification has 
expanded into many areas. Electrode modification with CNTs usually involves their direct 
immobilization on the surfaces of carbon electrodes (mostly glassy carbon electrodes, GCEs) via 
drop-dry [7] or by abrasive immobilization (mostly on pyrolytic graphite electrodes) [8] and [9] 
methods. Such electrodes have further been modified with chemical [10] and [11] and bioactive 
materials such as enzymes [7], [12], [13] and [14].  
Transition metal (e.g., Co and Fe) phthalocyanine complexes are well recognized for their 
excellent electrocatalytic properties towards the detection of many important analytes [15], [16], 
[17] and [18]. It is known that amino-substituted metallophthalocyanine complexes can be 
covalently linked to CNTs (via amide bond formation [3] and [4]) while unsubstituted MPc 
complexes are non-covalently adsorbed onto CNTs (via π–π interactions [19]). Following 
adsorption on the carbon nanotubes, it has been observed that the resulting phthalocyanine–
nanotube complexes possess the catalytic properties of phthalocyanines without any destruction 
of the electronic properties of carbon nanotubes [19]. Recently, Ye et al. [20] reported on the 
adsorption of unsubstituted FePc from its solution onto a GCE coated with MWCNT, which they 
used to construct a glucose biosensor. With the exception of this report [20], we are not aware of 
any other report on the use of MPc–CNT based electrodes for electrocatalytic or electrochemical 
sensing applications. Direct adhesion of CNT onto GCE is difficult and fraught with problems 
such as irreproducibility [21], therefore the use of basal plane pyrolytic graphite (BPPGE) or 
edge plane pyrolytic graphite (EPPG) are preferred because of the inherent ability of these 
electrodes to interact with CNTs via π–π interactions. Hence, in this work we report the first 
example of a cobalt tetra-aminophthalocyanine (CoTAPc) electrochemically attached onto a 
BPPGE which has been abrasively pre-modified with MWCNT. The potential application of this 
type of MPc-based electrode was interrogated by investigating its electrocatalytic behaviour 
towards the detection of a carbamate pollutant, methyl-4-aminobenzene sulphonyl carbamate or 
asulam (Fig. 1).  
 
 
 
Fig. 1. Molecular structure of asulam. 
 
Sensitive detection of asulam is important because of the pollution effects of this selective post-
emergence herbicide [22]. Several chromatographic [23], [24] and [25], fluorescence [26] and 
photo-chemiluminometric [27] techniques have been reported for its detection. Surprisingly, 
despite the various advantages associated with electrochemical sensors over chromatographic 
techniques (such as portability, low cost, ease of fabrication and sensitivity) electrochemical 
detection of asulam has rarely been reported.  
 
2. Experimental 
 
2.1. Materials and reagents 
 
Asulam was obtained from Sigma. Potassium chloride, potassium ferricyanide and dimethyl 
sulphoxide were obtained from SAARCHEM. Basal plane pyrolytic graphite (BPPGE) plate 
from which the BPPGE was fabricated in-house, was obtained from Le Carbone (Sussex, UK). 
The Norton carborundum paper (p1200C) used to clean the electrode was purchased from Saint-
Gobain Abrasives (Saint-Gobain Abrasives (pty) Ltd., Isando, South Africa). Cobalt tetra-
aminophthalocyanine (CoTAPc) complex was synthesized and characterized according to 
established procedures [28], [29] and [30]. Ultra pure water of resistivity 18.2 MΩ was obtained 
from a Milli-Q Water System (Millipore Corp., Bedford, MA, USA) and was used throughout 
for the preparation of solutions. Phosphate buffer solutions (PBS) at various pHs were prepared 
with appropriate amounts of K2HPO4 and KH2PO4, and the pH adjusted with 0.1 M H3PO4 or 
NaOH. All electrochemical experiments were performed with nitrogen-saturated phosphate 
buffer, except for the ferricyanide solutions, which were prepared in 0.05 M potassium chloride. 
A tap water sample was collected from a public water tap in Grahamstown and was analyzed on 
the same day using a chronoamperometric technique. The pH of the tap water was measured to 
be 7.1 and was used without any further adjustment. All other reagents were of analytical grade 
and were used as received from the suppliers without further purification. UV/vis spectra were 
recorded with Varian 500 UV–vis/NIR spectrophotometer.  
 
2.2. Apparatus and procedure 
 
All electrochemical experiments, including cyclic voltammetry (CV), square wave voltammetry 
(SWV) and chronoamperometry (CA), were carried out using an Autolab potentiostat PGSTAT 
30 (Eco Chemie, Utrecht, The Netherlands) driven by the General Purpose Electrochemical 
Systems data processing software (GPES, software version 4.9). The parameters for the SWV 
were: step potential 5 mV; amplitude 20 mV at a frequency of 25 Hz. All chronoamperograms 
were obtained at an applied voltage of 0.65 V (versus Ag|AgCl). A conventional three-electrode 
system was used. BPPGE disk (d = 5 mm in Teflon) used as working electrode was fabricated 
in-house by Rhodes University Chemistry Machinery Workshop. Electrical contact with the disk 
was obtained via an inserted copper wire held in place with conducting silver varnish L 100 
(Kemo® Electronic, Germany). The working electrode was plane BPPGE disk or BPPGE 
modified with MWCNTs (MWCNT–BPPGE) or BPPGE modified with MWCNTs and cobalt 
tetra-aminophthalocyanine by electropolymerization (designated as poly-CoTAPc–MWCNT–
BPPGE). In some cases, the BPPGE electrode modified directly with CoTAPc by 
electropolymerization, was employed as a working electrode. A Ag|AgCl wire and platinum wire 
were used as pseudo-reference and counter electrodes, respectively. The potential response of 
Ag|AgCl pseudo-reference in aqueous conditions was less than the normal Ag|AgCl (3 M KCl) 
and SCE by 0.15 ± 0.03 V and 0.01 V, respectively. A Wissenschaftlick-Technische 
Werkstätten (WTW) pH 330/set-1 (Germany) pH meter was used for pH measurements. All 
solutions were dearated by bubbling nitrogen prior to each electrochemical experiment. All 
experiments were performed at 25 ± 1 °C. Scanning electron microscope (SEM) pictures of the 
BPPGE, MWCNT–BPPGE, and CoTAPc–MWCNT–BPPGE surfaces were obtained using a 
JEOL JSM 840 scanning electron microscope at 5 kV accelerating voltage.  
 
2.2.1. Purification of multi-walled carbon nanotubes 
 
The MWCNTs were purified as described previously [10]. Briefly, 1 g of MWCNTs was added 
to 140 ml of 2.6 M HNO3, and the mixture was refluxed for 45 h. The carbon nanotube sediment 
was separated from solution and washed with distilled water. It was then sonicated in a 3:1 
mixture of H2SO4 and HNO3 for 24 h. The sediment was thereafter washed with distilled water, 
stirred for 30 min in a 4:1 H2SO4/H2O2 mixture at 70 °C, and washed again with distilled water. 
The purified MWCNT paste was then air-dried for 48 h.  
 
2.2.2. Electrode modification and pretreatments 
 
A BPPGE was prepared for use or for further modification by renewing the electrode surface 
with cellotape [8] and [31]. This procedure involves polishing an old BPPGE surface on 
carborundum paper, pressing cellotape on the cleaned BPPGE surface and then removing the 
tape, along with several layers of graphite. Before use, the electrode was then rinsed in acetone 
to remove any adhesive. To prepare a carbon nanotube modified BPPGE (MWCNT–BPPGE) 
electrode, carbon nanotubes were abrasively immobilized onto the BPPGE by gently rubbing the 
electrode on a fine quality filter paper containing the carbon nanotubes [32]. To prepare a 
BPPGE or MWCNT–BPPGE modified with cobalt tetra-aminophthalocyanine (CoTAPc), the 
electropolymerization method [33] was used. Briefly, the BPPGE or MWCNT–BPPGE was 
immersed in a solution of 1 × 10−3 M CoTAPc in dry dimethylsulphoxide (DMSO) containing 
1 × 10−2 M tetrabutylammonium tetrafluoroborate (TBABF4) as the supporting electrolyte. The 
solution was then scanned between −1.0 and 0.3 V or −1.0 and 1.0 V (versus Ag|AgCl) using 
cyclic voltammetry, to form a deposit of CoTAPc on the electrode surface. To condition the 
CoTAPc-modified MWCNT–BPPGE (poly-CoTAPc–MWCNT–BPPGE) or poly-CoTAPc–
BPPGE for use in electrocatalytic studies, the electrode was then immersed in a 0.1 M phosphate 
buffer solutions of either pH 4.0 or pH 7.0, and scanned between −1.0 and 1.0 V (versus 
Ag|AgCl) for 50 cycles to obtain a stable cyclic voltammogram.  
 
3. Results and discussion 
 
CoTAPc used in this work was synthesized as described before [28], [29] and [30] and its purity 
was consistent with known spectroscopic characteristics. Before electrochemical studies, we first 
investigated the surface topographies of the bare and modified BPPGE using the scanning 
electron microscopy. Fig. 2 showing typical SEM pictures of the MWCNT–BPPGE (Fig. 2A) 
and poly-CoTAPc–MWCNT–BPPGE (Fig. 2B), revealed a clear difference in textures of the two 
electrodes, confirming the deposition of the CoTAPc onto surface of the MWCNT–BPPGE. The 
white cloudy clusters in the micrograph in Fig. 2B can be attributed to the grown CoTAPc 
particles on the MWCNT.  
 
 
 
Fig. 2. SEM pictures of (A) poly-CoTAPc–MWCNT–BPPGE and (B) MWCNT–BPPGE at 
1000× magnification.  
 
 
3.1. Electrochemical characterization of electrodes 
 
Electrochemical behaviour of the modified BPPGE was first interrogated using a K3[Fe(CN)6] 
solution as a redox probe. Fig. 3 shows CV of the MWCNT–BPPGE (a), poly-CoTAPc–
MWCNT–BPPGE (b), poly-CoTAPc–BPPGE (c) and bare BPPGE (d) recorded in a solution of 
0.05 M KCl containing 1 mM K3[Fe(CN)6]. The MWCNT–BPPGE (a) and poly-CoTAPc–
MWCNT–BPPGE (b) showed approximately similar current responses. This result confirms that 
the attachment of the CoTAPc onto the MWCNT does not adversely affect the electronic 
properties of the MWCNT, in agreement with previous literature observation [19]. Whereas the 
peak separations for [Fe(CN)6]3−/[Fe(CN)6]4− on BPPGE and poly-CoTAPc–BPPGE are about 
147 mV and 117 mV, respectively, these decrease to about 97 mV for both the MWCNT–
BPPGE and the poly-CoTAPc–MWCNT–BPPGE. Hence, the rate of electron transfer at the 
electrode surface is improved with the attachment of MWCNTs and CoTAPc to the BPPGE 
surface. The peak labeled (I) in Fig. 3b appears only in the presence of CoTAPc. This peak is 
thus associated with the oxidation of CoTAPc. This peak is most likely due to CoIII/CoII process, 
since the first oxidation in CoPc complexes occurs at the central metal. This process has been 
observed near 0.5 V (versus Ag|AgCl) on GCE for poly-CoTAPc [34], thus as expected the 
position of the peak will depend on the electrode employed.  
 
 
 
Fig. 3. Cyclic voltammograms of (a) MWCNT–BPPGE, (b) poly-CoTAPc–MWCNT–BPPGE, 
(c) poly-CoTAPc–BPPGE, and (d) BPPGE in 10−3 M K3[Fe(CN)6]. The peak labeled as I is 
observed only in presence of CoTAPc. Scan rate = 25 mV/s.  
 
Using the same redox probe, K3[Fe(CN)6], the number of MWCNT attached to the BPPGE 
surface by abrasive immobilization could be estimated using a procedure similar to literature 
report [20]. First, the effective area of the MWCNT–BPPGE (Aeff cm−2) was estimated by using 
the Randles–Sevcik equation (1) for a reversible process [35]: 
 
Ipa=(2.69×105)n2/3AeffD1/2ν1/2C0                                   (1) 
 
where D and C0 are the diffusion coefficient and bulk concentration of the redox probe, 
respectively. The other symbols have their usual meanings. Cyclic voltammetry experiments at 
different scan rates were performed with the MWCNT–BPPGE immersed in a solution of 1 mM 
K3[Fe(CN)6] in 0.05 M KCl. From a plot of Ipa versus ν1/2 a slope of 1.4263 × 10−4 A V−1/2 s1/2 
was obtained. From the D value for K3[Fe(CN)6] = 7.6 × 10−6 cm2 s−1 [11], and n = 1, the Aeff 
was estimated to be 0.192 cm2. The lengths of the carbon nanotubes range between 5 and 20 µm, 
and the diameter is 15 ± 5 nm (suppliers’ values). From these dimensions, the area of each 
nanotube (ACNT) was estimated assuming a cylindrical shape for the nanotubes (and that the 
nanotubes are attached parallel to the surface of the electrode). The number of nanotubes (NCNT) 
attached to the BPPGE surface was obtained using Eq. (2): 
 
NCNT=Aeff/ACNT                                            (2) 
 
NCNT was estimated to range between 107 and 108.  
Electrochemical attachment of CoTAPc onto the surface of the MWCNT-modified BPPGE 
(MWCNT–BPPGE) was carried out by 50 repetitive scanning of the DMSO solution of CoTAPc 
containing TBABF4 as the supporting electrolyte. This repetitive scanning resulted in a gradual 
increase in the amplitude of the cyclic voltammetric peaks at either short (−1.0 and ≤+0.30 V 
versus Ag|AgCl) or wide (−1.0 and +1.0 V versus Ag|AgCl) potential windows. As exemplified 
in Fig. 4, the former showed better defined voltammetric evolution than the latter (Fig. 4, inset), 
thus subsequent electrodeposition were performed between −1.0 and ≤+0.30 V versus Ag|AgCl. 
During the first scan, one irreversible peak was observed at +0.04 V (versus Ag|AgCl), and a 
quasi-reversible couple at a half-wave potential (E1/2) of −0.4 V (versus Ag|AgCl) and peak–peak 
separation (∆Ep) of 0.27 V (versus Ag|AgCl)). The couple at −0.4 V (with a cathodic peak at 
−0.52 V) is attributable to Co(II)/Co(I) redox couple [36], [37] and [38]. Both peaks were also 
observed during cycling of CoTAPc (in DMSO) on BPPGE in the absence of MWCNT. A weak 
peak near 0 V was also observed on cycling of MWCNT in DMSO, then rinsing the electrode 
and recording the CV in pH 7 buffer, and has been attributed to the redox property of the 
oxygen-containing moieties of the MWCNT [39].  
 
 
 
Fig. 4. Cyclic voltammograms obtained during repetitive scanning of a MWCNT–BPPGE in a 
solution of CoTAPc in DMSO containing TBABF4 for the first scan (a) and 5th to 50th scans 
(from inner to outer). Inset is an example of a repetitive scanning at wide potential window. The 
dotted arrows show the direction of peak growth. Scan rate = 50 mV/s.  
 
In the first few scans in Fig. 4 (up to 10) both anodic and cathodic currents increased 
accompanied by the formation of a new broad peak in the potential region of −0.25 V (versus 
Ag|AgCl). From about the 20th scan, the anodic waves stopped to grow and decreased to the 
original wave, however, the cathodic waves continued to grow with enhancement of the new 
broad peak at −0.25 V (versus Ag|AgCl). The formation of new peaks with cycling is typical 
behaviour for polymerization. The evolution of peaks for the polymeric CoTAPc is different 
from that reported before [34] and [35] in that the CoII/CoI couple is not as clearly resolved in the 
current work. The differences are due to differences in the electrodes employed (GCE versus 
MWCNT–BPPGE). After about 40 repetitive scans, there was no detectable increase in current, 
indicating the end of the electropolymerization process of the CoTAPc on the MWCNT–BPPGE 
surface. This behaviour is the result of increased electrical resistance and the resistance to mass 
transport through the polymer film as the film thickness increases [40]. Attempts to obtain 
similar electropolymerization process in the anodic window alone (0–1.2 V) were not successful, 
which may suggest a possible involvement of some reduction products in the 
electropolymerization process. The oxidation of the amino groups is believed to generate free 
radicals which initiate the electropolymerization process in MTAPc complexes [36] and [41]. 
Also, Li and Guarr [42] have suggested that the oxidation processes due to the phthalocyanine 
ring and/or the aniline moieties might be responsible for the electropolymerization of CoTAPc 
on GCE. Several other steps including monomer oxidation at the appropriate potential to produce 
radical cations, radical–radical coupling, electrochemical oxidation of the formed oligomers and 
the precipitation of the polymer on the electrode surface have been suggested [43] to be 
responsible for electrochemically induced polymerization on electrode surfaces. Although, there 
has been no report yet on the electrochemical attachment of MPc complex onto MWCNTs, we 
believe that one or more of these steps may be involved in our case. Also, the interaction of the 
oxygen-containing moieties of the MWCNTs with the amino functionality of the CoTAPc to 
form amide bonds may not be ruled out.  
After electropolymerization process, the modified electrode (poly-CoTAPc–MWCNT–BPPGE) 
was rinsed in DMSO and CV scan of a blank (pH 7 buffer) recorded (Fig. 5). During the first 
scan up to five redox processes were observed. Process IV is assigned to the CoIII/CoII as 
explained above, and in comparison with CoTAPc on GCE [34] and other CoPc complexes [38] 
and [44]. Processes V (at 0.73 V) is most likely due to ring-based processes. As stated above, II 
is assigned to the reduction of Co(II)TAPc to Co(I)TAPc [36] and [37] and the peak at 0.1 V is 
due to the redox property of the oxygen-containing moieties of the MWCNT [39]. The CoIII/CoII 
process is known to be irreversible and notoriously difficult to observe for adsorbed CoPc 
complexes [37]. With cycling, the processes decreased in intensity, until only two (II and III) 
remain. The reason for the disappearance of the other peaks is not clear at the moment. The peak 
near 0 V is shifted to more positive potentials compared to before polymerization of CoTAPc. 
The attached CoTAPc gave reproducible voltammograms in aqueous solutions (pH 4.0 and 7.0), 
indicating excellent electrochemical stability.  
 
 
 
Fig. 5. Cyclic voltammogram of a poly-CoTAPc–MWCNT–BPPGE in 0.1 M phosphate buffer, 
pH 7. Scan rate = 50 mV/s. (a) 1st scan and (b) 10th scan 
The surface coverage (ΓCoTAPc) for poly-CoTAPc–MWCNT–BPPGE in aqueous conditions was 
evaluated by integrating the charge under the cathodic peak of the Co(II)/Co(I) couple (II) and 
then employing the usual equation [45]: 
 
ΓCoTAPc=Q/nFA                                                (3) 
 
where Q is the electric charge obtained from the background-corrected anodic peak at 50 mV/s 
(≈5.829 × 10−5 C), n the number of electrons (≈1), F the Faraday constant (96,485 C mol−1) and 
A is the effective surface area (0.192 cm2). The surface coverage was estimated to be 
3 × 10−9 mol cm−2, which is in the range (10−9 mol cm−2 range) [46] reported for similar polymer 
films on electrode surfaces.  
 
 
 
3.2. Electrocatalysis of asulam on poly-CoTAPc–MWCNT–BPPGE 
 
Fig. 6 shows the behaviour of the different electrodes towards asulam oxidation when the 
electrodes are immersed in 0.1 M, pH 7.0 phosphate buffer containing 10−3 M asulam. Whereas 
the electrocatalytic behaviour of CoTAPc cannot be clearly seen when comparing the BPPGE (d) 
and poly-CoTAPc–BPPGE (c), the current response is enhanced with the poly-CoTAPc–
MWCNT–BPPGE (a) and the oxidation peak is shifted towards less positive potentials in 
comparison with the MWCNT–BPPGE (b). Also, the cyclic voltammogram of asulam on the 
MWCNT–BPPGE shows two broad peaks, one at about 0.50 V, and the other, the asulam 
oxidation peak at about 0.73 V. Such double oxidation peaks have been observed before for 
CNT-based electrodes during electrocatalysis detection [39]. Chicharro et al. [47] attributed the 
peak at lower oxidation potential to fouling of the electrode surface by oxidation products of 
asulam. Two peaks for the oxidation of thiols on MWCNT were attributed [48] to oxidation at 
different parts of the MWCNT. Based on the latter observation, we tentatively ascribe the first 
oxidation peak for asulam on MWCNT–BPPGE to be mediated by the quinone-like functional 
groups at the tube ends of the MWCNT, while the second asulam oxidation peak (i.e., at +0.73 V 
versus Ag|AgCl) to be mediated by the edge plane-like carbon at the MWCNT [48]. This 
explanation is consistent with the more recent work by Gong et al. [39], where two of such peaks 
were observed for thiols with SWCNT-based electrodes. On poly-CoTAPc–MWCNT–BPPGE 
(Fig. 6a), one sharp peak corresponding to asulam oxidation was observed at +0.65 V versus 
Ag|AgCl. Only one peak is observed possibly due to the obscuration of the quinone-like moieties 
on MWCNT following the attachment of the CoTAPc. The observations of a sharp peak with 
enhanced current and lower potential show that (i) modification of MWCNT with CoTAPc 
improves electronic communication between the asulam and the BPPGE and (ii) electrocatalytic 
oxidation and detection of asulam is improved further by electrodeposition of CoTAPc on the 
MWCNT surface. The peak due to the oxidation of asulam at 0.65 V is in the range for the peak 
due to ring oxidation of CoTAPc and the formation of a Pc−1 species, thus suggesting that ring-
based processes are involved in the catalytic oxidation. This also confirms a two-electron 
oxidation process for asulam catalysed by CoIIIPc−1.  
 
 
 
Fig. 6. Cyclic voltammograms of (a) poly-CoTAPc–MWCNT–BPPGE, (b) MWCNT–BPPGE, 
(c) poly-CoTAPc–BPPGE, and (d) BPPGE in 10−3 M asulam. Scan rate = 25 mV/s. pH 7.0 
buffer. 
 
 
Fig. 7 shows the plots of peak potential and peak current responses against the pH of asulam. 
Peak potential decreases gradually with increasing pH values (pH 2–12), with a slope of 
32 mV/pH. The value of this slope is in close agreement with the theoretical value of 30 mV/pH 
at 25 °C for a two-electron transfer process. A two-electron transfer oxidation process for asulam 
was reported by other workers as well [49]. As evident in Fig. 7b, the highest current response 
was obtained at pH ≤ 2.0, and a peaking in current was also obtained at pH 6.0, in agreement 
with literature observations [50]. In this work, however, asulam solutions of pH 7 were chosen 
for subsequent investigations to achieve similarity with biological media [51]. 
 
 
 
Fig. 7. (a) Ep vs. pH plot for a poly-CoTAPc–MWCNT–BPPGE in 10−4 M asulam solutions of 
varying pH (pH 2–12 and (b) Ip vs. pH plot for a CoTAPc–MWCNT–BPPGE in 10−4 M asulam). 
Scan rate = 50 mV/s.  
Also, a plot of anodic peak current (Ipa) against the square root of scan rate (ν1/2) (for scan rates 
less than 300 mV/s, figure not shown) resulted in a straight line, an indication of a diffusion 
controlled asulam oxidation. However, at higher scan rates (300–1200 mV/s) the Ip versus ν1/2 
plot was non-linear, most likely due to the adsorption of asulam on the surface of the carbon 
nanotubes [8], [20] and [21]. Secondly, a plot of Ipa/ν1/2 against ν (Fig. 8) resulted in the 
characteristic shape that is typical for catalytic process of electrochemical reaction preceding 
chemical reaction (ECcat) processes [51]. Lastly, applying Eq. (3) below for a totally irreversible, 
diffusion controlled process such as asulam oxidation [52], [53] and [54]: 
 
 
Ep=(b/2) log ν+constant                                        (4) 
 
a plot of Ep versus (1/2) log ν (Fig. 8, inset) gave a linear relationship, with a Tafel slope 
(b = 2.303RT/αnF) of approximately 172 mV/decade, indicating that the rate determining step 
for the catalysis is a one-electron transfer process. The Tafel slope obtained in this work is 
greater than the normal 30–120 mV/decade, this may be due stronger binding of the CoTAPc 
with the asulam during the intermediate reaction step, as reported by others for such occurrence 
[55] and [56]. 
 
 
 
 
Fig. 8. Plot of Ip/ν1/2 vs. ν. Inset is a plot of Ep vs. (1/2) log ν for the catalytic oxidation of asulam 
on poly-CoTAPc–MWCNT–BPPGE. pH 7.0 buffer.  
 
From the discussion above the following conclusion can be made about the oxidation process: a 
total of two electrons are involved during the electrooxidation process, in separate one-electron 
oxidation steps (Tafel plot, Fig. 8, inset). One of these steps is rate determining. A two-electron, 
two-proton oxidation process has also been proposed for the oxidation of carbamates [57]. Also 
cyclic voltammetry shows that oxidation of asulam occurs at the potentials of CoIIIPc−1 species, 
hence confirming a two electron catalytic oxidation process. The following mechanism may be 
proposed for the CoTAPc-catalysed oxidation of asulam:  
 
(i) Co(II)TAPc2− → [Co(III)TAPc2−]+ + e− (0.40 V); 
 
(ii) [Co(III)TAPc2−]+ → [Co(III)TAPc1−]2+ + e− (0.73 V); 
 
(iii) [Co(III)TAPc1−]2+ + asulam → [Co(II)TAPc] + asulam oxidation products (0.65 V). 
 
The possibility of coordination of asulam to Co(III)TAPc was studied by spectrophotometric 
experiments of immobilized CoTAPc on a glass slide surface. Fig. 9 shows the UV–vis spectra 
for the Co(II)TAPc (curve 1) when immobilized onto a glass surface, Co(III)TAPc (curve 2) 
which was generated by exposing the Co(II)TAPc to bromine vapour, and Co(III)TAPc in the 
presence of asulam obtained by dipping the Co(III)TAPc in a 10−2 M solution of asulam and then 
drying. Two peaks (at 623 and 682 nm) were observed (Fig. 9 (curve 1)) for Co(II)TAPc. The 
presence of two peaks in the visible region is typical [58] of aggregation in MPc complexes with 
the low energy peak being due to the aggregate. On oxidation of Co(II)TAPc to Co(III)TAPc 
with bromine, Co(III)TAPc was formed with a main absorption band at 690 nm, which shifted to 
683 nm on exposure of Co(III)TAPc to asulam, and is very close 682 nm of the low energy peak 
of Co(II)TAPc, suggesting reduction back to the latter species. No changes in spectra were 
observed on addition of asulam to Co(II)TAPc. Normally small shifts in Q band are typical of 
axial ligation in MPc complexes [58], however a shift of just 1 nm between Co(II)TAPc in the 
absence of asulam and Co(II)TAPc formed by addition of asulam to Co(III)TAPc is not adequate 
to suggest coordination. It is thus likely that the oxidation of asulam occurs by an outer sphere 
mechanism. It is however important to note that changes represented in Fig. 9 are due to 
adsorbed monomer, and could be different for adsorbed polymer. The difference in the relative 
magnitudes of the low and high energy peaks in Fig. 9 (curve 1) and Fig. 9 (curve 3) is a result of 
different extents of aggregation. 
 
 
 
 
Fig. 9. UV–vis spectra of Co(II)TAPc (curve 1), Co(III)TAPc (curve 2), Co(III)TAPc in the 
presence of asulam (curve 3). Spectra recorded in DMF.  
 
3.3. Chronoamperometric studies 
 
Chronoamperometry can be used for the evaluation of the catalytic rate constant [59] and [60]. 
To obtain such data we obtained chronoamperograms at fixed potential of 0.65 V (versus 
Ag|AgCl) over 60 s for the poly-CoTAPc–MWCNT–BPPGE in the absence and presence of 
1 × 10−4 M asulam (not shown). At intermediate times (t = 0.8–2.2 s) used in this study, the 
catalytic current (Icat) is dominated by the rate of the electrocatalysed oxidation of asulam, and 
the rate constant for the chemical reaction between asulam and redox sites of surface confined 
CoTAPc can be determined according to the method described in the literature [60] and [61]: 
 
 
Icat/IL=γ1/2[(π1/2erf(γ1/2)+exp(−γ))/γ1/2]                       (5) 
 
 
where Icat and IL are the currents of the poly-CoTAPc–MWCNT–BPPGE in the presence and 
absence of asulam, respectively, and γ = kC0t (C0 is the bulk concentration of asulam) and erf is 
the error function. In the cases where γ exceeds 2, the error function is almost equal to 1 and the 
above equation can be reduced to: 
 
Icat/IL=γ1/2π1/2=π1/2(kC0t)1/2                                  (6) 
 
where k, C0 and t are the catalytic rate constant (M−1 s−1), catalyst concentration (M), and time 
elapsed (s). From the slope of a plot of Icat/IL versus t1/2, we can calculate the value of k for a 
given concentration of asulam. Fig. 10 shows one such plot, constructed from the 
chronoamperograms for the poly-CoTAPc–MWCNT–BPPGE in the absence and presence of 
1 × 10−4 M asulam, and the value of k was found to be 1.60 × 102 M−1 s−1. Unfortunately, no 
information could be obtained from the literature on the rate constants for the electrochemical 
oxidation of asulam or other carbamates. However, the rate constant obtained here is about half  
 
 
the rate constant calculated for the oxidation of carbofuran (a carbamate pesticide) by ozone 
[62]. This shows that the electrochemical oxidation of asulam at CoTAPc is fairly fast, 
considering that ozone is a highly reactive compound. 
 
 
 
Fig. 10. Plot of Icat/IL vs. t for the catalytic oxidation of asulam on poly-CoTAPc–MWCNT–
BPPGE. pH 7.0 buffer.  
 
 
The diffusion coefficient, D, for asulam can be determined from Eq. (7): 
 
I=nFD1/2AC0π−1/2t−1/2                             (7) 
 
From the slope of a plot of I versus t−1/2 (not shown), D was estimated to be approximately 
3.0 × 10−4 cm2 s−1. Again, to our knowledge, there is no literature with which to compare our D 
value for asulam.  
 
Fig. 11 shows typical current response of asulam when the potential of the poly-CoTAPc–
MWCNT–BPPGE was kept at 0.65 V versus Ag|AgCl. Upon successive addition of 1 ml of 
1 × 10−4 M asulam, a well-defined response was observed. A plot of current versus asulam 
concentration (inset) gave a linear relationship over a concentration range of 4.5–20.6 µM with a 
sensitivity of 241 × 10−3 µA/µM (r2 = 0.9904), and a detection limit of 1.15 µM (using the 
YB + 3σ criterion). Previously, detection limits of 7 and 1.7 µM were obtained for asulam at a 
glassy carbon electrode [50], and a glassy carbon electrode coupled to a capillary electrophoresis 
instrument [47], respectively. Hence, it can be concluded that poly-CoTAPc–MWCNT–BPPGE 
shows excellent sensitivity and much lower detection limit when compared to previous reports.  
 
 
Fig. 11. Chronoamperomegrams (recorded at 0.65 V) observed on addition of aliquots of asulam 
(1 ml of 1 × 10−4 M) to pH 7 buffer. Inset: plot of Ip vs. [asulam], using poly-CoTAPc–
MWCNT–BPPGE.  
 
The suitability of the developed electrode for electrochemical detection of asulam in a real 
sample was tested by confirming a known concentration of the herbicide in tap water, using the 
standard addition method. Five replicate determinations showed recovery of 105 ± 0.10% of the 
spike, thus demonstrating the suitability of the developed CoTAPc–MWCNTs-modified BPPGE 
for real sample analysis.  
 
4. Conclusion 
 
In this work, the electrocatalytic properties of CoTAPc complex and the good electronic 
properties of MWCNT have been exploited, for the first time, in the construction of an electrode 
with excellent electrocatalytic characteristics (in terms of the enhancement of the oxidation peak 
and negative shift of the potential) towards the detection of asulam. The proposed electrode 
exhibited excellent sensitivity, low detection limit, and satisfactory chronoamperometric linear 
range.  
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